Although CNS axons have the capacity to regenerate after spinal cord injury when provided with a permissive substrate, the lack of appropriate synaptic target sites for regenerating fibers may limit restoration of spinal circuitry. Studies in our laboratory are focused on utilizing neural stem cells to provide new synaptic target sites for regenerating spinal axons following injury. As an initial step, rat neural precursor cells genetically engineered to overexpress the tyrosine kinase C (trkC) neurotrophin receptor were transplanted into the intact rat spinal cord to evaluate their survival and differentiation. Cells were either pretreated in vitro prior to transplantation with trkC ligand neurotrophin-3 (NT-3) to initiate differentiation or exposed to NT-3 in vivo following transplantation via gelfoam or Oxycel. Both treatments enhanced survival of trkCoverexpressing stem cells to nearly 100%, in comparison with approximately 30-50% when either NT-3 or trkC was omitted. In addition, increased migration of trkC-overexpressing cells throughout the spinal gray matter was noted, particularly following in vivo NT-3 exposure. The combined trkC expression and NT-3 treatment appeared to reduce astrocytic differentiation of transplanted neural precursors. Decreased cavitation and increased β-tubulin fibers were noted in the vicinity of transplanted cells, although the majority of transplanted cells appeared to remain in an undifferentiated state. These findings suggest that genetically engineered neural stem cells in combination with neurotrophin treatment may be a useful addition to strategies for repair of spinal neurocircuitry following injury.
INTRODUCTION
stances when exposed to microenvironmental cues, and have been demonstrated to differentiate in vitro into the three major neural phenotypes: neurons, astrocytes, and A key impediment to restoration of function following spinal cord injuries is the inability of injured spinal oligodendrocytes (2, 6, 7, 16, 19) . However, when transplanted to the adult CNS, neuronal differentiation is lim-axons to successfully regenerate and reinnervate appropriate spinal cord targets. The use of substrates such as ited, possibly due to the lack of developmental cues present in the embryonic environment normally encoun-PNS-derived peripheral nerve or Schwann cell bridges has revealed that mature CNS axons are capable of elon-tered by these cells. Differentiation of transplanted precursors into neurons occurs primarily in regions under-gation and regeneration when provided with a permissive environment (30, 31) . Nevertheless, severe func-going active neurogenesis, while in other regions glial differentiation predominates (6, 20, 22) . Even when trans-tional impairment still remains, and axonal regrowth and connectivity in remote CNS sites beyond the bridges is planted into injured regions of the adult CNS, which are thought to contain instructive factors, neuronal differen-limited. It is likely that appropriate synaptic target sites for regenerating fibers are lacking in the remaining in-tiation is low, and transplanted cells generally remain either in an undifferentiated precursor state or differenti-tact host spinal tissue due to aberrant sprouting following injury-induced denervation. With the emergence of ate to glial lineages in the absence of exogenous manipulation (3, 4, 8, 14, 15, 18, 21, 29) . Thus, genetic manipula-neural stem cell technology in the past few years, it has become apparent that replacement of neural populations tion and/or provision of exogenous trophic factors may be necessary. lost following injury is possible. These cells have the capacity to give rise to progenitor neural cell lineages Neurotrophins and growth factors have been variably shown in vitro to promote morphological differentiation appropriate for their location and metabolic circum-298 CASTELLANOS ET AL. and survival of neurons and neural stem cells (1,12,26, below) , cells were incubated overnight in NT-3 (10 ng/ ml, R & D Systems) to initiate differentiation 48 h prior 28). Neurotrophin-3 (NT-3) has been shown to induce differentiation in PC12 cells and other neuronal cells to transplantation. that express tyrosine kinase C (trkC) receptors (23) (24) (25) .
In Vitro Immunocytochemistry In addition, because NT-3 is a potent survival factor, and Electron Microscopy NT-3 receptor-bearing stem cells may possess increased Nontransplanted cohorts were plated overnight on tiscapacity for survival as well as neuronal differentiation.
sue culture-treated Nunc wells coated with poly-L-orni-Because neural precursors may not constituitively exthine (15 µg/ml; Sigma) and fibronectin (1 µg/ml; press sufficient levels of trk receptors, genetic premodi-Sigma). The next day cells were fixed with 4% parafication to increase their expression may enhance comformaldehyde, permeabilized with PBS + Triton X-100, mitment towards a neuronal lineage when activated by and blocked for nonspecific background with approappropriate neurotrophin ligands. In order to assess the priate preimmune serum. Cells were stained with the folfeasibility of this approach to provide potential new lowing primary antibodies/concentrations: BrdU (sheep neuronal targets for regenerating spinal axons, these prepolyclonal, 1:200; Biodesign), β-tubulin type III (TuJ1; liminary studies were undertaken to evaluate the surmouse monoclonal, 1:500; Sigma), glial fibrillary acidic vival and fate of NT-3 receptor-overexpressing neural protein (GFAP; mouse monoclonal, Sternberger Monoprecursor cells following transplantation into the spinal clonals Inc.), green fluorescent protein (GFP; chicken cord. polyclonal, 1:50; Chemicon), trkC (rabbit polyclonal, MATERIALS AND METHODS 1:200; Oncogene), and nestin (Rat 401; mouse mono-Cell Isolation and Generation of NT-3 clonal, 1:200; Hybridoma Bank). Negative controls were Receptor-Expressing Neural Precursors prepared by omission of primary antibodies and in blocking serum (from secondary antibody species) wherein no All animal procedures were carried out according to positive staining was observed. protocols approved by the University of Miami Institu-For electron microscopy, the samples were fixed with tional Animal Care and Use Committee and adhered to 2% gluteraldehyde, 100 mM sucrose in a 0.05 M PO 4 guidelines for experimental animals of the National Inbuffer for at least 24 h and then with 1% OSO 4 in 0.1 stitutes of Health and International Association for the M PO 4 buffer overnight at 4°C. Samples were then de-Study of Pain. Neural precursors were isolated as dehydrated in a series of ethanolic alcohols and infiltrated cribed elsewhere (16). Briefly, E15 fetal neocortical tiswith a 1:1 mixture of propylene oxide and epon-araldite sue from Sprague-Dawley rats (Charles River Laboraresin and finally embedded in epon-araldite resin in a tories, Wilmington, NC) rats was microdissected into 64°C oven. Thin sections were obtained and poststained Hank's balanced salt solution (HBSS; Gibco) and a cell with uranyl acetate and counterstained with lead citrate. suspension created via mechanical trituration. Cells were Sections were observed under a Philips CM-10 electron plated at an initial concentration of 5 × 10 5 cells/ml microscope operating at 60 or 80 kV. DMEM/F12 containing N2 and 10 ng/ml of human recombinant basic fibroblast growth factor (FGF-2; Sigma)
Transplantation Procedures for growth (D/F-N2-FGF-2) in 75-cm 2 treated cell culture flasks (Corning). Cells were allowed to grow as Female Sprague-Dawley rats (200-225 g) served as transplant recipients. For transplantation, cells were gent-nonadherent microspheres with FGF-2 (10 ng/ml) added daily. To prepare trkC-overexpressing cells, at 72 h prior ly triturated, resuspended in HBSS, and kept on ice. Animals were deeply anesthetized with a cocktail (0.1 to transplantation, passage 2 cells were gently pelleted (800 rpm; 5 min), triturated, resuspended, and incubated ml/100 g) of ketamine (42.8 mg/ml), xylazine (8.6 mg/ ml), and acepromazine (1.4 mg/ml). A midline laminec-for 24 h with the LZRSpMNZ-EGF retroviral-containing supernatant generated by the ΦNX packaging cell tomy was performed at T12-T13 and the spinal cord exposed. A small slit was made in the dura and 1.5 µl line (Nolan Laboratories, http://www.stanford.edu/group/ nolan/) polybrene (0.2 µl/ml; Sigma) and D/F-N2-FGF-of cell suspension (ϳ10 5 cells) was stereotaxically placed into the ventral horn at each graft site (0.5 mm 2 mixture (67%/33%; v/v). This results in the coexpression of the NT-3 receptor [trkC+] and green fluorescent lateral, 1.3 mm ventral from the surface of the dorsal vein). Bilateral injections were made using a 10-µl protein (GFP). Following 24-h incubation at 37°C, the medium was changed to D/F-N2-FGF-2. Twenty-four
Hamilton syringe attached to a pulled glass pipet (I.D. ϳ50 µm). The needle was held in place for about 1 min hours prior to transplantation cells were incubated overnight in D/F-N2-FGF-2 containing 10 µM bromodeoxy-and then gradually withdrawn. In the group receiving in vivo exposure to NT-3, NT-3-soaked Oxycel or gel-uridine (BrdU; Amersham) to label the cells for later identification. In some cases (see experimental protocol foam (ϳ3 mm 2 ; 25 µg/150 µl 0.1% BSA in saline or vehicle alone) was applied over the entire transplant site. on preliminary cell population estimates of average cases). Sampling for the cell number estimation is based The muscle and skin layers were closed separately and the animal was given antibiotics prophylactically. Ani-on the assumption that the cell number (N) in the distinguished structure is equal the number of nuclear profiles mals were immunosuppressed (cyclosporine A, 10 mg/ kg, IP, daily) beginning the day before transplantation.
(n) multiplied by the section thickness (T) divided by the section thickness plus the mean profile diameter (D) Experimental Groups (5). Because transplanted cells were on both sides of the Two separate groups were evaluated to compare in spinal cord (treated and untreated), cells were counted vitro exposure to NT-3 prior to transplantation for inion both sides using multiple contours. Comparisons betiating differentiation of NT-3 receptor-expressing cells tween treatment groups were done using ANOVA and (trkC+), and in vivo NT-3 administration for more prothe Duncan's multiple comparison test. longed exposure. For in vitro initiation, trkC+ or control For assessment of potential colocalization, series cells were incubated overnight in D/F-N2-FGF-2 conwere double labeled with BrdU and antibodies to GFAP, taining 10 ng/ml NT-3 (trkC+/NT3+). NT-3 was omitted β-tubulin, or nestin as described above. Labeled images in parallel groups of cells as additional controls. Four were collected using an inverted Olympus microscope treatment groups of cells were thus generated and subsefurnished with a digital camera and Image Pro-plus softquently transplanted: trkC+/NT3+, trkC+/NT3−, trkC−/ ware. Fluorescence images of each label were generated NT3+, trkC−/NT3−. Cells were transplanted bilaterally, and merged using Adobe Photoshop. In some cases, with trkC+/NT3+ cells on one side (n = 19) and each of three-dimensional reconstruction of transplant site was the other treatments on the contralateral side (n = 5-7 done using solid 3D modeling with Microbrightfield per treatment). For prolonged exposure to NT-3, animals Neurolucida software. received bilateral transplants, with trkC+ cells on one RESULTS side and control cells contralaterally. Oxycel or gel-In Vitro Cell Morphology and Characteristics foam containing NT-3 (n = 8) or vehicle (n = 6) was applied at the time of cell transplantation.
E-15 neocortical cells allowed to grow as nonadherent neurospheres are comprised of a heterogenous popu-Immunohistochemisty and Quantification lation of cells that retain stem cell-like morphologies. For evaluation of graft viability and differentiation, Electromicrographs (Fig. 1A, B) show a typical neuanimals were deeply anesthetized (Nembutal, 100 mg/ rosphere with a necrotic core and mostly undifferentikg) and pericardially perfused for 30 s with saline, folated cell types. However, some cytoplasmic processes lowed by ice-cold buffered paraformaldehyde at pH 7.4 with apparent neurofilament and very few microtubules for 30 min. Animals were perfused at 1 and 2 weeks were present (Fig. 1B) . Retroviral infection of these posttransplantation, as substantial cell death is thought cells with trkC-EGFP resulted in the expression of GFP to occur during the early periods following transplanta- (Fig. 1C ) and trkC ( Fig. 1D) . Cells in the spheres also tion. After dissection, tissue was postfixed 4 h and spinal had short nestin-positive processes (Fig. 1E ). When cord samples were dissected, processed, and embedded these cells were pulsed with NT-3 in vitro, GFP-positive in paraffin. Paraffin sections (10 µm thick; minimum cells responded by extending neuronal-like processes thickness required for optical dissector using Stereoand varicosities (Fig. 1F ). Investigator; MicrobrightField Inc., personal communi-In Vitro Pretreatment With NT-3 cation) taken from L1-L4 were collected and mounted on gelatin-coated slides. A consecutive series of seven NT-3 pretreatment of NT-3 receptor-expressing cells (trkC+) prior to transplantation produced a consistently slides was generated such that each slide had the same distribution of sections. For quantification, a series was improved survival of neural precursor cells in the ventral horn for all cell/treatment combinations at 1 and 2 weeks stained with BrdU antibody as above, the center of transplant area identified, and five sections selected fol-following transplantation. Examples from each group are shown in Figure 2 . Bilateral transplants shown side lowing the rules of random systematic sampling (10). All quantitative analyses were done with the aid of an by side revealed increased BrdU labeling on the trkC+/ NT3+ side (Fig. 2B , D, F) compared with trkC−/NT3+ Axioplot (Zeiss) research microscope, furnished with fully motorized 3D LEP stage, Optronix cooled video ( Fig. 2A) , trkC−/NT3− (Fig. 2E) , and trkC−/NT3+ (Fig.  2C) . When quantified, cell survival in the trkC+/NT3+ camera, and MicrobrightField Inc. Stereo-Investigator software package. Optical dissector and optical fraction-group was two-to threefold higher than all other groups (Fig. 3A) [overall F(3, 23) = 9.287, p < 0.01]. The other ator options were selected from the probes menu to perform cell counts in the structure volumes (dissector: 60 treatment groups were not significantly different from each other (p > 0.05). NT-3 pretreatment did not appear × 60 µm; fractionator: 300 × 300 µm; dimensions based to substantially alter survival of control stem cells in ventral gray matter were found interspersed with endogenous GFAP-positive cells (Fig. 4B ), but only rarely the spinal cord transplants. A similar trend in increased survivability was noted in the 2-week follow-up group, was colocalization of BrdU and GFAP observed in this group. The expression of β-tubulin in the graft area ap-although this could not be quantitatively evaluated due to low n (estimated cell survival 67,000-171,150 in the peared to be increased on the trkC+/NT3+ side (Fig. 4D ) compared with the control side, although colocalization trkC+/NT3+ group compared with 15,750-43,800 in all other groups). In all cases, but particularly in the trkC+/ could not be confirmed by confocal microscopy. NT3+ group, an apparent migration of grafted cells both Prolonged Exposure to NT-3 towards the central canal and throughout the intact spinal gray matter was observed (Figs. 2 and 4A ). BrdU-The application of gelfoam or Oxycel over the transplant site was utilized in order to increase exposure positive trkC+/NT3+ cells that had migrated within the to NT-3. Because both carriers resulted in comparable peared higher than originally transplanted (210,000 and 338,400), suggesting the possibility of continued cell di-outcomes, quantitative data were combined for comparisons between treatment groups. Prolonged exposure to vision, although this cannot be unequivocally stated without further studies. There also appeared to be in-NT-3 resulted in robust survival of trkC+ neural precursor cells transplanted in the spinal gray matter (trkC+/ creased migration throughout the spinal gray matter over time in the trkC+/NT3+ group (Fig. 5C , right side) com-NT3+, Fig. 5A, right side) . Fewer BrdU-labeled cells were observed in the other treatment groups (trkC−/ pared with controls ( Fig. 5C, left side) . Evaluation for colocalization with GFAP occasionally revealed some NT3+, Fig. 5A , left side; trkC−/NT3−, Fig. 5B , left side; trkC+/NT3−, Fig. 5B , right side). When quantified, cavitation surrounding control cell transplants (Fig. 6A , left side) compared with the trkC+/NT3+ side (Fig. 6A , overall survival in the trkC+/NT3+ group was two-to fourfold higher than in all other treatment groups (Fig.  right side) . Numerous BrdU-labeled control cells appeared to be colocalized with GFAP (Fig. 6C) . In com-3B) [overall F(3, 18) = 4.231, p < 0.05]. No significant differences were observed between any of the other parison, BrdU-labeled trkC+ cells exposed to NT-3 were intermingled with, but do not appear to colocalize with, treatment groups (p > 0.05). A similar trend was again observed in the 2-week follow-up group, but variability GFAP (Fig. 6D ). As with in vitro exposure to NT-3, transplanted cells were found migrating towards the cen-and low n precluded quantitative comparisons. In two cases, the numbers of estimated BrdU-positive cells ap-tral canal and nearby blood vessels (Figs. 6B, E) . Some β-tubulin labeling was observed in the vicinity of blood vessels in the trkC+/NT3+ group, although again colocalization was minimal ( Fig. 6E) . Cells near the central canal occasionally appeared to colocalize with nestin ( Fig. 6B) . Nestin immunoreactivity and apparent colocalization with BrdU remained high in the vicinity of densely surviving trkC+/NT3+ cells at 2 weeks following transplantation (Fig. 6F ).
DISCUSSION
The overall goal of these studies is to determine whether improved restoration of damaged neural circuitry following spinal cord injury can be accomplished by transplanting new synaptic targets for regenerating axons. Towards this aim, these initial studies describe the fate of potential target cells following transplantation in the intact spinal cord. Overexpression of NT-3 receptors in neural precursor cells was selected because activation of these receptors may block astrocytic induction, and in some cases has been suggested to induce neuronal-like differentiation in PC12 and other trk receptorexpressing cells (23, 24, 26, 28) . An additional potential advantage of utilizing NT-3-responsive cells is the apparent potency of this neurotrophin to promote long axon regeneration, notably the corticospinal tract (9, 11,27).
Results of these initial studies revealed increased graft survival and cellular migration, and suggested improved host-graft integration and reduced astrocytic differentiation when NT-3 receptor-overexpressing cells were exposed to NT-3. Neither trkC overexpression nor NT-3 treatment alone produced these outcomes. Quantification using BrdU-labeled neural precursors suggested that survival was nearly 100% in the trkC+/NT3+ group, in contrast to approximately 30-50% at 1 week posttransplantation when either trkC or NT-3 is omitted. Although not quantitatively evaluated, there did not appear to be a substantial decline in cell survival at 2 weeks posttransplantation in the small number of cases examined. Findings in control transplanted animals are similar to the survival rate reported by others under various conditions, ranging from poor survival by 2 weeks posttransplantation in Sprague-Dawley rats receiving only oral cyclosporine A, to 50% in parenterally immunosuppressed Sprague-Dawley rats, 31-43% in Fischer rats, and 58-87% for cloned adult progenitors in intact 
